Cycloheximide is widely used as an inhibitor of protein synthesis in vivo and in vitro. Although it does inhibit synthesis of proteins on cytoplasmic ribosomes in vitro, some ambiguity remains regarding its mechanism of action. It has variously been described as an inhibitor of initiation, elongation, and chain termination (1, 23, 30) . Cycloheximide has been used in a very large number of studies in vivo. These studies have generally attempted to use CH2 to answer one of two questions. Is a particular protein made on ribosomes of the cytoplasm or on those of an organelle? Is de novo synthesis of proteins required for some biological process? Accurate answers to either question depend upon the assumption that CH inhibits only protein synthesis in the living cell. Insofar as the effects of CH deviate from this ideal, corresponding care must be taken in interpreting its inhibitory effects.
Many investigators have shown that CH interferes with processes other than protein synthesis. It inhibits DNA synthesis (2, 4) . It does not inhibit RNA synthesis in the alga, Acetabiularia mnediterranea (3) , but this organism is an exception for it inhibits the synthesis of RNA in Neurospora crassa (34) , yeasts (6, 22, 32) , Dictyostelium discoideum (16) , rat (11, 29) , monkey (8) , and man (17, 36 terferes with other cellular functions including respiration (9, 21) , ion absorption (21) , amino acid uptake (7, 15, 33) , and the interconversion of pyrimidine nucleotides (31) . Although it is often believed to be easily reversible, some studies have led to the opposite conclusion (3, 6, 36) and, in fact, it kills yeast at a rate which is proportional to their metabolic activity (19, 35) .
Many investigators (4, 6, 8, 11, 22, 32) have suggested that these processes are inhibited because concurrent protein synthesis is required for their continuation. For example, inhibition of protein synthesis may reduce the rate of respiration by reducing the cell's demand for ATP or labile proteins may be required for RNA synthesis and ion uptake. Because this reasoning may be flawed, I have re-examined this question in Chlamydomonas reinhardi. This study has demonstrated that CH can have a very broad array of deleterious effects on C. reinhardi but that other treatments which interfere with protein synthesis do not necessarily produce these effects on the cell. Because these results were obtained with concentrations of CH (and times of treatment) quite comparable to those frequently used, inhibitory effects of CH on a cellular process may be uninterpretable and only the lack of inhibition of a process by CH may be meaningful providing that CH enters and inhibits protein synthesis in the cell in question.
MATERIALS AND METHODS
All procedures or materials which are not described here have been presented in previous papers (24) (25) (26) . Nucleotide pool sizes were determined on cells growing in growth medium (25) containing one-tenth of the normal content of phosphate plus 1 ,uCi/ml of H3'2PO4. Cells grow at normal rates for more than 24 hr in this medium. The nucleotides were extracted with repeated freezing and thawing in 1 N acetic acid and chromatographed on plates of polyethyleneimine cellulose (28) . Three strains of Chlamnydomonas reinhardi Dangeard (mt+) have been used. One, arg 2, is an arginine requiring auxotroph defective in arginosuccinate synthetase (14) . The others are mutants derived from arg 2 (24) . One of these, ts 13 , is a mutant conditionally defective in the initiation of protein synthesis. The lesion of the other mutant, ts 1, is cific radioactivities of 1.68 Ci/mmole or 7 mCi/mmole, respectively.
RESULTS
Cycloheximide rapidly inhibits protein synthesis in C. reinhardi (12, 20) (Fig. 1) (18) , the effect of CH on organelle protein synthesis would be substantial. The two higher concentrations completely inhibited multiplication of cells while the lowest one did not. These concentrations of CH also inhibited the incorporation of 3H-adenine into nucleic acids. A concentration of 1.8 X 10' M inhibited incorporation into RNA by more than 50% and into DNA by more than 65% (Fig. 2) . The higher concentrations initially inhibited RNA accumulation by more than 65% and completely inhibited accumulation by 2 hr. One-third of the RNA labeled under these conditions is tRNA and the remaining two-thirds are rRNA. The rRNA is composed of 90% cytoplasmic rRNA and 10% organelle (largely chloroplast) rRNA (27 (Table II) . There- fore the effects of CH on the accumulation of label in RNA (24) or adenine was measured. To measure uptake of adenine, cells were incubated in medium which contained 2.37 X 10-' M adenine. The experiment was begun by adding 0.8 ,ACi/ml of 3H-adenine (26.6 Ci/mmole). The cells were collected at intervals and washed as previously described (24) Figure 6 shows that 7.1 X 10' M cycloheximide killed cells exponentially with a rate constant of 0.14 hr1'. The rate increased by more than two times (to 0.32 hr') when the concentration of CH was increased by five times. The rate of killing was unaffected by starvation for arginine, a treatment which inhibits net protein synthesis and cell division and which partially inhibits DNA synthesis and accumulation of RNA (26) . Cycloheximide did not completely disrupt cellular function, for after 24 hr in 3.6 x 10-r M cycloheximide, 20 to 50% of the cells remained motile although less than 0.1% formed colonies when plated. Irreversible lesions in macro- Cycloheximide partially inhibits the rate of RNA synthesis. Arg 2 cells (1.1 X 10/ml) were incubated in medium containing arginine with: nothing in addition (0); 7.1 X 10' M cycloheximide (0); (X), 3.6 X 10-M cycloheximide (X). The cells were incubated in these solutions for the periods of time indicated by the abscissa of the graph and then aliquots were added to enough 'H-adenine to produce a concentration of 0.4 uCi/ml. After 1 hr (left panel) or 2 hr (right panel), the incorporation of 'H-adenine into total nucleic acid was measured. This incorporation is almost totally into RNA because there is a 1 to 2 hr lag before incorporation into DNA begins to be significant. Plant Physiol. Vol. 55, 1975°- molecular synthesis were produced, however (Fig. 7) . After Cycloheximide inhibits macromolecular synthesis irreversibly. arg 2 (2.68 X 106/ml) were incubated for 16 hr in medium containing arginine plus 3.6 X 10-5 M cycloheximide. Then the cells were centrifuged, washed, and resuspended in fresh medium containing 3H-arginine (0.5 ,uCi/ml) to measure protein synthesis, or in arginine plus 3H-adenine (0.2 ,uCi/ml, 22 Ci/mmole) to measure DNA and RNA synthesis. Top frame: RNA, (0); DNA, (0). Bottom frame: protein synthesis. The (0); or one which inhibits more than 90% of protein synthesis (33 C) , (0). In frames a and b the incorporation into nucleic acids in ts 1 is presented. Incorporation into nucleic acids in ts 13 is presented in frames c and d. The initial cell concentrations were 2.5 X 105/ml (ts 1) and 6 X 105/ml (ts 13).
CH inhibits nucleic acid synthesis, then inhibiting protein synthesis in a temperature-sensitive mutant should also inhibit nucleic acid synthesis. Instead, the cellular physiology of mutants which are conditionally defective in protein synthesis was affected to a more limited extent when protein synthesis was exhibited by a nonpermissive temperature. Figure 8 shows that DNA synthesis is inhibited by 30 to 40% under conditions which inhibit at least 90% of protein synthesis in the mutants (24) , while RNA accumulation was not inhibited at all. RNA synthesis was stimulated by inhibition of protein synthesis in the mutants (Fig. 9 ) by 50 to 150% within 1 hr of exposure to high temperature.
The stimulation of RNA synthesis in the mutant did not result simply from exposure to a higher temperature. The rate of RNA synthesis of the parent strain was unaffected by an identical increase in temperature (Fig. 10) . This result is not surprising since this strain grows at approximately the same rate at both 220 C and 330 C. The stimulation of RNA synthesis by inhibition of protein synthesis in these mutants contrasts considerably with the effects of CH, but resembles the effects of starvation of C. reinhardi for an essential amino acid. This treatment produced similar stimulation of RNA synthesis (26) .
Similarly, if the other deleterious effects of CH simply result from inhibition of protein synthesis, they should appear under nonpermissive conditions in the mutants. High temperature completely inhibits cell multiplication in both mutants but their viability does not decrease during 24 hr under nonpermissive conditions. Finally, Table III shows that nonpermissive conditions do not decrease the size of the ATP pool in ts 1, although the size of the UTP pool does decrease transiently under nonpermissive conditions. In one determination of pool sizes and specific radioactivity with ts 13, a similar result was obtained. 
DISCUSSION
Cycloheximide has wide ranging effects on cellular functions even when administered at low concentrations. It is unlikely that the "side effects" of CH can be operationally distinguished from its effects on protein synthesis. The sensitivity of protein synthesis and of other processes, such as accumulation of RNA and DNA synthesis, to inhibition by CH is very similar. Similarly, the differences in time of onset of the various effects of CH are so small relative to the periods over which CH is normally used that any attempt to discriminate between "primary" and "secondary" effects of CH on a temporal basis would be extremely difficult or impossible.
Plant Physiol. Vol. 55, 1975 5.50 (1) 0.13 (2) (1) (5) . Cursory consideration of this result seems to suggest that CH effects on the cell could be mediated only through inhibition of protein synthesis. However, no evidence was presented in this paper that resistance to cycloheximide was the result of a single mutation. This objection is not "trivial," since there are at least four independent genes which produce CH resistance in yeast (10) . This reduces the significance of these observations. In addition, this mutant does not begin to grow until three days after being placed in CH (35) and thus some additional change in cell function is necessary for resistance to CH. These physiological studies indicate that there could be as many as three effects of CH on C. reinhardi. The first effect is its ability to inhibit protein synthesis. The evidence presented above has shown that its effects on most other processes measured are separate. These other effects can be provisionally separated into two groups on the basis of their sensitivity to an increase in CH concentration from 7.1 X 10 M to 3.6 X 10' M. In the group of cellular parameters which show no additional effect of the increased CH concentration are the rate of RNA synthesis and the size of the ATP pool. The rate of killing appears to be at least partially independent from these other effects since it is increased by the increase in CH concentration. The results of Horgen and Griffin suggest that cycloheximide can directly inhibit RNA synthesis in vitro (13) .
Fortunately, the possibility that the similarity in the effects of CH on protein synthesis and on viability and RNA synthesis was a result of tight coupling between these processes and protein synthesis is not true. If this were true, studies of the importance of protein synthesis for any biological process would be crippled. The experiments performed with the temperature-sensitive mutants show that protein synthesis can be inhibited specifically. These results are supported by studies with other treatments which interfere with protein synthesis (summarized in Table IV ). They show that the specificity of the mutants is unlikely to be some unique property of the mutants themselves. Taken together they show that CH treatment is an unsatisfactory way to inhibit protein synthesis in the living cell.
Finally, it is important to call attention to the fact that protein synthesis is not required for RNA synthesis in C. reinhardi. This conclusion is in contrast to that of a number of other investigations which were described in the introduction. Instead of inhibiting RNA synthesis, interference with protein synthesis in ts mutants or by amino acid starvation (26) (2) 
